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ABSTRACT The intricate link between load environ-
ment and skeletal health is exemplified by the severe
osteopenia that accompanies prolonged periods of immobi-
lization, frequently referred to as disuse osteoporosis.
Investigating the effects disuse has on the structural
properties of bone provides a unique opportunity to better
understand how mechanical loads influence the adapta-
tion and maintenance of skeletal tissue. Here, we report
results from an examination of multiple indicators of bone
metabolism (e.g., mean osteon density, mean osteon size,
bone mass, and bone area distribution) within the major
long bones of individuals with distinct activity level differ-
ences. Results are based on a sample comprising two
subjects that suffered from long-term quadriplegia and 28
individuals of comparable age that had full limb mobility.
Although limited in sample size, our findings suggest
bones associated with long-term disuse have lower osteon
densities and larger osteon areas compared to individuals
of normal mobility, reflecting dramatically lower remodel-
ing rates potentially related to reduced strain levels.
Moreover, immobilized skeletal elements demonstrate a
reduced percentage of cortical area present resulting from
endosteal resorption. Differences between mobility groups
in the percentage of cortical area present and bone distri-
bution of all skeletal elements, suggests bone modeling
activity is negligible in the unloaded adult skeleton. Addi-
tional histomorphometric comparisons reveal potential
intraskeletal differences in bone turnover rates suggest-
ing remodeling rates are highest within the humeri and
femora. Addition of more immobilized individuals in the
future will allow for quantitative statistical analyses and
greater consideration of human variation within and
between individuals. Am J Phys Anthropol 149:599–605,
2012. VC 2012 Wiley Periodicals, Inc.
The importance of mechanical loading in bone metabo-
lism is well established. The crucial role it plays in skel-
etal health is aptly illustrated by the severe osteopenia
that accompanies prolonged periods of immobilization,
commonly referred to as disuse osteoporosis. Examining
the effects unloading has on the structural properties of
bone provides a unique opportunity to better understand
the role mechanical loading plays in the adaptation and
maintenance of this dynamic tissue. This study reports
the results of a comprehensive macro- and microscopic
analysis of all major long bones belonging to two individ-
uals that experienced long-term immobilization, and a
broad range of comparable individuals demonstrating
normal mobility levels.
Long-term immobilization, resulting in a profound
reduction of mechanical loading, dramatically affects
bone turnover rates and compromises the structural and
functional integrity of bone (Uhthoff and Jaworski, 1978;
Jaworski et al., 1980; Stout, 1982; Dehority et al., 1999;
Giangregorio and Blimkie, 2002). Prolonged skeletal dis-
use results in decreased bone mass and subsequently
disuse osteoporosis. There are various circumstances of
unloading that demonstrate both temporary and perma-
nent osteoporotic conditions, including extended bed rest
(Bloomfield, 1997), hypogravity (i.e., space flight) (Globus
and Morey-Holton, 2009; Bloomfield, 2010), myopathies,
denervating pathologies (Wakley et al., 1992), and spinal
cord sectioning (Eser et al., 2004; Qin et al., 2010).
Currently, a mechanism based on threshold levels
established during skeletal growth and development
(Carter, 1984; Lanyon, 1984; Frost, 1987), commonly
referred to as the mechanostat, provides one explanation
for why unloading results in such dramatic bone loss.
This mechanism envisions a negative feedback loop
wherein signals due to disproportion in mechanical load-
ing are detected and corrected for via a series of set points
delineating a normal threshold level. Strain outside this
defined threshold range initiates a modeling or remodel-
ing response to adjust bone strength accordingly. Strain
above a higher remodeling threshold activates modeling
to increase periosteal apposition, and remodeling to
replace fatigue-damaged bone; collectively strengthening
and maintaining bone. Strain below a lower remodeling
threshold activates remodeling to decrease bone mass and
subsequently increase the strain level.
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Disuse-driven remodeling is characterized by the
coupled, coordinated action of osteoclasts and osteoblasts
to remove and replace bone from either the endosteal
and intracortical surfaces or both. The result of each
remodeling event is the formation of a new bone struc-
tural unit, also known as a secondary osteon. Remodel-
ing in any form results in a net bone loss as a vascular
space, or Haversian canal, is an essential osteonal com-
ponent for fluid and nutrient movement. Disuse-remodel-
ing demonstrates an even greater net loss as osteoclasts
become uncoupled from osteoblasts (Alexandre and Vico,
2011), resulting in large resorption spaces as substan-
tially more bone is removed than is replaced. Therefore,
disuse-remodeling results in marrow expansion as the
endosteum is slowly resorbed via coalescing porous
spaces that effectively trabecularize the cortical matrix
(Burr, 2010; Zebaze et al., 2010), reducing the metabolic
expense of unnecessary bone tissue.
In addition to strain level, increased osteocyte apopto-
sis resulting from diminished intramedullary fluid pres-
sure (Turner, 1999), may also be a factor elevating
remodeling events following disuse. Additionally, recent
research on the role of sclerostin protein, a known bone
forming inhibitor produced by the SOST gene, has found
increased SOST mRNA levels in rodents subjected to
hindlimb disuse (Robling et al., 2008). Sclerostin is pre-
sumed to reduce proliferation while elevating the fre-
quency of cellular apoptosis (Sutherland et al., 2004).
Previous studies largely based on animal models have
confirmed the overall effect immobilization has on bone
mineral density (see Gross et al., 2010 for a review).
However, many of these studies lack significant periods
of disuse or histomorphometric investigation, limiting
understanding of remodeling activity associated with
permanent, long-standing disuse. Additionally, few stud-
ies have assessed the degree of intraskeletal variability
in remodeling rates between skeletal elements. The goal
of this study is to examine multiple indicators of bone
metabolism within a sample of individuals with distinct
activity level differences, subjects that suffered from
long-term quadriplegia and those that had full limb
mobility. This provides a unique investigation into
remodeling associated with skeletal unloading rather
than loading, allowing us to contribute to both estab-
lished and recently proposed hypotheses of remodeling
behaviors reflective of various loading regimes.
MATERIALS AND METHODS
Sample
This study incorporated two Caucasian quadriplegic
females that demonstrated complete limb immobility for
most of their adult lives. Individual A was a 54-year-old
woman suffering paralysis from bulbar poliomyelitis for
26 years, with no recovery of muscle strength. This
subject was acquired from the Washington University-St.
Louis, Department of Anatomy dissecting room. Individ-
ual B was a 70-year-old woman who suffered a cervical
spinal cord section in an automobile accident, resulting
in paralysis for more than 50 years. This subject was
acquired through the Division of Anatomy Body Dona-
tion Program at The Ohio State University. For both
individuals, midshaft cross-sections were obtained from
all major long bones of the left and right limbs including
the humerus, radius, ulna, femur, tibia, and fibula of the
upper and lower limbs.
The comparative sample representing normal mobility
consists of 28 individuals, 15 males and 13 females, of
Caucasian and African-American descent. In the interest
of matching the age of the two immobilized women, the
majority of the non-immobilized subjects are between
the ages of 50–60 years and 65–75 years, with a total
age range of 34–82 years for the entire sample. Bone
samples for all individuals included in the non-immobi-
lized group were acquired from the Washington
University School of Medicine (St. Louis, MO) and the
University of Missouri Medical School (Columbia, MO)
between 1976 and1980 by S.D.S. and demonstrated no
known pathologies or therapeutic regimens that may
have impacted bone remodeling rates. For all individu-
als, midshaft cross-sections were selectively obtained
from various long bones of the right upper and lower
limbs, collectively including the humerus (n 5 25),
radius (n 5 21), ulna (n 5 21), femur (n 5 18), tibia
(n 5 24), and fibula (n 5 20).
Histological methods
All midshaft samples were prepared for histomorpho-
metric and cross-sectional geometric analysis. Each mid-
shaft section was vacuum embedded in an appropriate
epoxy medium, (e.g., Epo-ThinTM, Buehler, Lake Bluff,
IL) to safeguard structural integrity during cutting and
grinding and to eliminate air bubbles that may obscure
the delineation of microscopic structures. After allowing
the bone blocks to set, transverse sections 1 mm in
thickness were removed using an IsoMet petrographic
precision saw equipped with a diamond wafering blade
(Buehler). Resulting wafers were then ground to a thick-
ness of approximately 60–80 lm using a variable speed
manual grinder (Buehler) to achieve a translucency
appropriate for transmitted-light microscopy. After this,
thin sections were cleaned in acetone, cleared with
xylene, mounted, and cover slipped to microscopic slides
with PermountTM.
Prepared slides were read using an Olympus BX51
transmitted-light microscope (Olympus Optical Co.,
Tokyo, Japan) fitted with a Mertz eyepiece reticule and
polarizing filter. The Mertz grid superimposed on the
thin section in view delineates the sampling field, or
unit of area quantified. Sampling of all specimens
consisted of reading two adjacent parallel columns
extending from the periosteum to the endosteum along
the anterioposterior and mediolateral axes at 1003
magnification. This is a practical method for accurately
predicting total osteon density while accounting for
intracortical variation in remodeling activity (Iwaniec,
1997; Robling and Stout, 2008; Schlecht, 2012). For all
cross-sections, the following histomorphometric variables
were quantified.
1. Total cortical area of bone sampled per cross-section
(Sa.Ar).
2. Total number of intact secondary osteons (N.On) in
number/mm2: intact secondary osteons are those
exhibiting a Haversian canal that is at least 90% com-
plete and more than half of the osteon area falls
within the sampling field:
N:On ¼ Total number of intact osteons=Sa:Ar:
3. Total number of fragmentary osteons (N.On.Fg) in
number/mm2: fragmentary secondary osteons are
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those exhibiting only a fraction of the original lamel-
lar area and more than 10% removal of the Haversian
canal via subsequent remodeling events. Additionally,
more than half of the fragment’s area falls within the
sampling field:
N:On:Fg ¼ Total number of fragmentary Osteons=Sa:Ar:
4. Osteon population density (OPD) in number/mm2: the
sum of N.On and N.On.Fg:
OPD ¼ N:OnþN:On:Fg:
Mean area of complete osteons (On.Ar) within the sam-
pling field was also quantified. Complete osteons are
those with intact reversal cement lines and a near circu-
lar Haversian canal, which minimizes the chance of
measuring a tangentially sectioned osteon. All delineated
osteons were photographed at 4003 magnification using
a mounted Insight QE live image camera (SPOT Imag-
ing Solutions, Sterling Heights, MI). Using ImageJ free-
ware (NIH), photomicrographs were digitally displayed
and the reversal cement line of each osteon was man-
ually traced for digital calculation of osteon area. On.Ar,
calculated from at least 25 osteons per cross-section, was
then quantified. A high magnification of 4003 was cho-
sen to reduce potential error when outlining the selected
osteon, because minor deviations from the actual cement
line are likely miniscule at this level.
In addition to the computed histomorphometrics, vari-
ous cross-sectional geometric variables were quantified
to assess bone mass and cortical bone distribution differ-
ences of the long bones. Each thin section was scanned
on a flatbed scanner and geometric variables were com-
puted using ImageJ (NIH), along with a custom macro
(Momentmacro.J; www.hopkinsmedicine.org/fae/mma-
cro.htm) that calculates cross-sectional mechanical prop-
erties, second moments of area, and section moduli.
Mechanical data quantified directly from each cross-
section include total area (Tt.Ar), cortical area (Ct.Ar),
and the second moments of area Imin and Imax. From
these observed values, the percentage of cortical area
present (% Ct.Ar) and the polar second moment of area
(J) was calculated. The percentage of Ct.Ar is the ratio
of Ct.Ar/Tt.Ar, reflecting relative bone volume. J is the
sum of Imin and Imax and is proportional to the torsional
and average bending rigidity of bone, reflecting bone
distribution responses to loading. Body mass and bone
length are unknown for individuals comprising the sam-
ple, thus body size standardization of the geometric
variables was not carried out. Therefore, only gross dif-
ferences in bone volume and distribution are assessed
between and within individuals and no inferences are
made concerning the relative strength of the bone.
Statistical methods
The goal of this study is to describe various indicators
of bone metabolism in individuals that experienced pro-
longed disuse, and to assess intraskeletal variability in
the long bones of the upper and lower limbs associated
with unloading. Statistical analyses to evaluate this rela-
tionship were accomplished using Minitab 16.1.1 (Min-
itab, State College, PA) software.
Normality tests of OPD, On.Ar, Ct.Ar, and J demon-
strated that the data were non-normal and were therefore
logarithmically transformed to achieve a near-normal dis-
tribution. Untransformed, median values for each of the
sample subgroups are provided in Table 1. To evaluate dif-
ferences between the four indicators of bone metabolism in
relation to varying load regimes, individual skeletal ele-
ments of the immobilized and non-immobilized subjects
were qualitatively compared using mean plots. Means for
the non-immobilized individuals were plotted with 95%
confidence intervals, with values of the two immobilized
individuals separately plotted to determine where they
fall in relation to the mobile group. Assessment of intra-
skeletal differences included both an analysis of the two
quadriplegics compared to all non-immobilized individu-
als, and to only those non-immobilized individuals of
similar age. Therefore, in age-matched comparisons, the
54- and 70-year-old quadriplegics were compared to
non-immobilized samples with age ranges of 50–60 years
and 65–75 years, respectively.
RESULTS AND DISCUSSION
Figure 1 presents mean plots of the four indicators of
bone metabolism between all mobile individuals included
in the study and each of the quadriplegic females. Com-
pared to the individuals with normal mobility, the
54-year-old immobile female demonstrates lower OPD
values outside the 95% confidence intervals for all skele-
tal elements (Fig. 1a). This is most likely a result of both
reduced mechanical stimuli and cortical thinning result-
ing from endosteal resorption, as discussed below. The
effects of reduced mechanical loading are further sup-
ported in the plot for On.Ar, which reveals that the long
bones typically subjected to the greatest load (i.e.,
humeri, radii, femora, and tibiae) are larger in size
within the immobile limbs compared to those with nor-
mal mobility (Fig. 1b). The fibulae and ulnae demon-
strate osteon sizes well within the range of their mobile
counterparts, though greater than the mean, reflecting
their lesser role in bearing applied loads compared to
their more prominent forelimb partners (i.e., the radius
and tibia) (Wang et al., 1996; Birkbeck et al., 1997). In
terms of cross-sectional geometry, both J (Fig. 1c) and %
Ct.Ar (Fig. 1d) are generally lower than the 95% confi-
dence interval of individuals with normal mobility, which
most likely reflects increased endosteal resorption and/or
reduced bone formation. However, as demonstrated in
the plot for On.Ar, the fibula and ulna appear to be less
affected as % Ct.Ar for these skeletal elements is clearly
within the normal range.
When considering the plots for the 70-year-old quadri-
plegic female, most of the trends observed in the 54-
year-old are similar. Some important contrasts are
observable in respects to OPD (Fig. 1a) wherein several
of the immobile long bones—particularly the fibulae,
radii, and tibiae—demonstrate values well within the
95% confidence intervals of the normally mobile individ-
uals. This rise in OPD compared to the 54-year old may
reflect estrogen depletion characteristic of a post-meno-
pausal state (Troen, 2003; Kearns et al., 2008), wherein
osteoclast proliferation is less inhibited, resulting in ele-
vated bone turnover rates. Additionally, in terms of %
Ct.Ar, the fibulae and ulnae demonstrate endosteal
resorption well outside 95% confidence intervals com-
pared to that observed in the younger 54-year-old quad-
riplegic (Fig. 1c).
With regards to mean distribution between the respec-
tive immobilized individuals and their age-matched
groups of mobile individuals, trends are consistent with
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those noted above (Figs. 2 and 3). The primary difference
is the increased 95% confidence intervals of the mobile
individuals due to decreased sample size, which mini-
mally dilutes differences observed when all mobile indi-
viduals are considered. For all four indicators of bone
metabolism, the femora and humeri appear to be the
most consistently affected skeletal elements with respect
to long term disuse.
Fig. 1. Mean plots with 95% confidence intervals for all mobile individuals compared to the means for each immobile individual.
(a) OPD, (b) On.Ar, (c) J, and (d) % Ct.Ar. M, mobile; 54I, 54-year-old immobile; 70I, 70-year-old immobile.
TABLE 1. Untransformed, median data for all subgroups included in this sample
Sample group Bone OPD On.Ar Tt.Ar Ct.Ar Imax Imin
All mobile individuals
(n 5 15 males, 13 females)
Femur 23.56 0.0346 548.10 351.40 24,147 18,222
Fibula 18.62 0.0408 110.62 79.40 1,433 695
Humerus 23.00 0.0382 304.30 196.10 7,204 4,800
Radius 20.78 0.0378 107.06 88.99 1,158 782
Tibia 18.70 0.0355 471.20 288.80 23,261 9,476
Ulna 18.77 0.0408 117.50 83.08 1,653 803
Mobile 50–60-year-olds
(n 5 6 males, 5 females)
Femur 23.37 0.0428 511.40 367.50 23,383 16,167
Fibula 18.41 0.0399 108.75 83.50 1,396 696
Humerus 20.65 0.0383 310.60 219.80 8,147 6,134
Radius 20.29 0.0370 116.34 97.92 1,403 862
Tibia 16.69 0.0423 473.00 322.50 24,217 10,641
Ulna 18.77 0.0453 145.70 116.37 2,388 1,276
Mobile 65–75-year olds
(n 5 6 males, 2 females)
Femur 27.84 0.0289 586.70 337.10 24,965 20,444
Fibula 18.84 0.0328 112.50 62.00 1,186 630
Humerus 30.77 0.0321 285.50 172.90 6,374 4,270
Radius 23.25 0.0354 133.20 83.40 1,768 951
Tibia 24.23 0.0297 501.90 288.00 23,578 13,665
Ulna 20.86 0.0352 100.30 71.60 1,192 543
Immobile 54-year old Femur 11.79 0.0486 468.19 149.48 10,282 8,707
Fibula 9.43 0.0431 77.92 51.38 691 340
Humerus 15.22 0.0517 247.96 90.70 3,278 2,530
Radius 15.56 0.0428 107.61 59.44 1,227 486
Tibia 14.17 0.0451 390.67 194.87 13,110 6,571
Ulna 12.83 0.0508 104.21 75.30 1,113 625
Immobile 70-year old Femur 16.31 0.0494 429.15 123.65 7,540 6,278
Fibula 20.04 0.0497 86.91 25.69 414 222
Humerus 18.80 0.0525 188.61 58.24 1,764 1,272
Radius 19.07 0.0429 81.60 32.96 432 289
Tibia 21.97 0.0410 363.40 61.56 4,146 2,528
Ulna 14.48 0.0452 80.22 36.59 449 317
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Fig. 2. Mean plots with 95% confidence intervals for 50–60-year-old mobile individuals compared to the means for the immobile
54-year-old female. M, mobile; I, immobile.
Fig. 3. Mean plots with 95% confidence intervals for 65–75-year-old mobile individuals compared to the means for the immobile
70-year-old female. M, mobile; I, immobile.
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In addition to the potential histomorphometric differen-
ces between mobility groups, visual observations between
OPD and On.Ar of all long bones appear to be negatively
related. This presumed relationship compliments Frost’s
(1990) hypothesis, which postulates that as osteon density
increases osteon size decreases. Additionally, the data are
in agreement with previous histomorphometric investiga-
tions by Skedros et al. (2001) and van Oers et al. (2008),
suggesting both experimentally and computationally that
bone resorption is inhibited by strain-generated osteocyte
signals. According to these studies, osteoclasts are inhib-
ited in mechanically loaded bone, resulting in smaller
osteon diameters in cortical regions subjected to high
strain magnitudes. Presence of small, densely packed
osteons in cortical regions experiencing strains above the
normal remodeling threshold is presumably advanta-
geous as the cement lines of secondary osteons are
believed to assist in arresting the propagation of micro-
cracks, decreasing the probability of catastrophic tissue
failure (Burr et al., 1988; Currey, 2002; Sobelman et al.,
2004). By reducing the osteon diameter and increasing
their concentrations, the efficiency in which transmitted
energy is absorbed is also increased (Yeni et al., 1997).
CONCLUSIONS
Osteopenic changes in long bones that result from long-
term immobilization exemplify the important role mechani-
cal loading plays in bone metabolism. Although limited in
sample size of individuals experiencing long-term disuse,
this study expands our understanding of this relationship
with a comprehensive analysis of both macro- and micro-
scopic signatures of functional adaptation andmaintenance
of the human skeleton. Analyses of the major long bones of
individuals experiencing drastic mobility differences have
both confirmed previous hypotheses concerning skeletal
responses to mechanical loading and shed new light on
potential intraskeletal remodeling parameters associated
with the strain environment.
Outcomes of this study suggest bones associated with
long-term disuse have lower osteon population densities
and larger osteon areas, reflecting dramatically lower
remodeling rates and reduced strain levels. Regarding
bone mass, immobilized skeletal elements demonstrate a
reduction in the percentage of cortical area due to endo-
steal resorption, as predicted by the mechanostat. Differ-
ences in bone distribution and the percentage of cortical
area present between the long bones of the immobilized
individuals and their comparative sample of individuals
with normal mobility are observed, particularly within
the skeletal elements of the immobilized 70-year old.
This observation suggests that bone modeling activity
may be insignificant in the unloaded skeleton. A larger
sample is required for quantitative statistical analysis,
allowing for a more comprehensive study that accounts
for a larger range of human variation.
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